A ortic aneurysms can be divided into thoracic aortic aneurysms (TAAs) and abdominal aortic aneurysms (AAAs) according to their location. TAAs occur in all age people without sexual dimorphism and are highly associated with hereditary conditions. 1 In contrast, AAAs are typically associated with aging, male gender, atherosclerosis, and smoking but have weak genetic association. 2 AAAs are the most common form of aortic aneurysms, affect 4% to 8% of men over the age of 60, and account for ≈2% of all deaths in Western countries. 1, 2 Currently, open surgery repair and endovascular repair are the only widely used therapies for treatment of aortic aneurysm, 2 and no drug has been approved for treatment of this devastating disease. 2
(RALES) 7 and EPlerenone neuroHormonal Efficacy and SUrvival Study (EPHESUS), 8 demonstrated that mortality, risk of hospitalization, and onset of cardiovascular events in patients with heart failure were decreased significantly after administration of a mineralocorticoid receptor antagonist (spironolactone or eplerenone) in addition to existing therapies, including angiotensin-converting enzyme inhibitors and angiotensin II (Ang II) receptor blockers.
In contrast to overwhelming evidence for a significant role of the mineralocorticoid receptor in heart diseases, little is known about whether mineralocorticoid receptor activation by aldosterone plays a role in the pathogenesis of AAAs or TAAs. In a clinical case report, aortic dissection was found in patients with primary aldosteronism (also known as hyperaldosteronism). 9 In addition, an analysis of drug modulation of AAA growth through 25 years of surveillance in 1269 patients demonstrated a strong association between mineralocorticoid receptor blockers and slowed AAA progression. 10 However, a cause and effect relationship between the mineralocorticoid receptor and aortic aneurysms has not been tested.
In an independent study using 10-to 12-month-old male C57BL/6 mice to investigate DOCA and salt-induced hypertension, 11 we unexpectedly observed that a number of mice died from aortic aneurysm rupture. This raises the possibility that activation of the mineralocorticoid receptor by DOCA and salt may be involved in aortic aneurysm formation. A series of experiments were, therefore, designed to test this possibility and mechanisms thereof, and the results are reported here.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Both DOCA and High Salt Are Required to Induce Aortic Aneurysm
To determine whether DOCA and high salt are able to induce aortic aneurysm, 10-month-old male mice were randomly divided into 3 groups that received (1) no treatment (control; n=12); (2) DOCA alone (n=10); or (3) DOCA and salt (n=45). The representative ultrasound images ( Figure 1A ) and quantitative data ( Figure 1B) illustrate that mice administered DOCA and salt exhibited a significant increase in aortic dilation (1.09 mm [0 week; n=45] versus 1.50 mm [2 week; n=44] or 1.46 mm [3 week; n=38]; P<0.001). In contrast, no aortic dilation was found in control mice or in mice administered DOCA alone. In addition to lumen dilation, a significant increase in external diameters of abdominal aortas was observed in mice administered DOCA and salt compared with control or mice administered DOCA alone (1.48 mm [DOCA and salt; n=37] versus 0.67 mm [DOCA; n=10] or 0.74 mm [control; n=12]; P<0.001; Figure 1C ). A similar increase in external diameter was also observed in thoracic aortas from DOCA and salt, but not from control or DOCA only mice (1.16 mm [DOCA and salt; n=37] versus 0.83 mm [DOCA; n=10] or 0.88 mm [control; n=12]; P<0.05; Figure 1C ).
Human aortic aneurysm, including TAA and AAA, is defined as a permanent localized dilatation of aorta, having ≥50% increase in diameter compared with the normal diameter of aorta. 12 Based on this definition, of the 45 mice administered DOCA and salt, 28 developed AAAs ( Figure 1D and 1E). Of the 28 mice that developed AAAs, 20 mice also developed TAAs, 8 mice died of aortic aneurysm rupture, and no TAAs were seen in mice that did not also exhibit an AAA. The incidence of AAAs, TAAs, and aortic aneurysm rupture is 62%, 44%, and 18%, respectively ( Figure 1E ). AAAs were only found in the suprarenal abdominal aorta, and TAAs were only found in the descending thoracic aorta. On the contrary, no AAA, TAA, or aortic aneurysm rupture was observed in control or DOCA alone ( Figure 1E ).
Of the 8 aortic ruptures, 1 occurred at 1 week and 7 occurred at 3 weeks after DOCA and salt administration ( Figure IA in the online-only Data Supplement). We found a significant increase in maximal intraluminal diameters of abdominal aorta in ruptured aortas compared with that in control mice at 2 weeks after DOCA and salt administration (1.80 mm [DOCA and salt; n=7] versus 1.10 mm [Ctrl; n=12]; P<0.001; Figure  IB in the online-only Data Supplement).This result illustrates that most if not all mice that developed aortic ruptures were first seen with enlarged aortic diameters.
To investigate whether high salt alone is sufficient to induce aortic aneurysms, 10-month-old male mice received drinking water containing high salt for 3 weeks. Administration of high salt alone had no effect on aortic dilation as measured by ultrasound imaging and ex vivo aortic quantification ( Figure  IIA and IIB in the online-only Data Supplement). Importantly, neither AAA, TAA, nor aortic rupture was evident in mice administered high salt.
Aldosterone and Salt Induce Aortic Aneurysms
Because DOCA is a mineralocorticoid receptor ligand, we defined whether aldosterone, a physiological ligand of the mineralocorticoid receptor, can induce aortic aneurysms in a dose-dependent manner. Ten-month-old mice receiving salt were infused with 3 different doses of aldosterone (200, 500, and 700 μg/kg per day) for 4 weeks. Figure 2A shows that plasma aldosterone concentrations were significantly elevated in mice administered aldosterone and salt in a dose-dependent manner (0. 27 All 3 doses of aldosterone and salt markedly increased maximal intraluminal diameters of suprarenal abdominal aortas 2 weeks after administration of mice with aldosterone and salt ( Figure 2B ; Table II in the online-only Data Supplement). Similar significant increases were also seen in maximal external diameters of abdominal and thoracic aortas 4 weeks after administration of mice with aldosterone and salt ( Figure 2C ; Table III in the online-only Data Supplement) . Accordingly, all 3 doses of aldosterone and salt also markedly induced AAAs (65%, 58%, and 67%, respectively), TAAs (45%, 42%, and 55%, respectively), and aortic aneurysm rupture (35%, 25%, and 44%, respectively; Figure 2D ).
Interestingly, 200 μg/kg per day aldosterone infusion plus high salt seemed to be sufficient for induction of aortic aneurysm formation because effects were not dose dependent above this aldosterone dose ( Figure 2B through 2D). To rule out the possibility that the vehicle (50% dimethyl sulfoxide [DMSO]) may have had an effect on aldosterone and salt-induced aortic aneurysm formation, mice were infused with 50% DMSO plus high salt for 4 weeks. Figure IIIA and IIIB in the online-only Data Supplement illustrate that DMSO and salt did not cause aortic dilation as measured by ultrasound imaging and ex vivo aortic diameter quantification. In addition, neither AAAs, TAAs, nor aortic ruptures were seen in mice administered DMSO and salt.
Aortic aneurysms induced by DOCA and salt versus those induced by aldosterone and salt had similar features, but there were some differences. First, in contrast to the massive and diffusive aortic aneurysms induced by DOCA and salt ( Figure 1D ), aortic aneurysms induced by aldosterone and salt were more discretely localized to the suprarenal abdominal aorta ( Figure 2E ). Second, aortic aneurysm ruptures occurred more frequently in mice administered aldosterone and salt compared with those administered DOCA and salt (35%, 25%, and 44%, respectively, with the 3 doses of aldosterone [ Figure 2D ] versus 18% in DOCA and salt [ Figure 1E ]).
Vascular Pathology of DOCA and Salt-or Aldosterone and Salt-Induced Aortic Aneurysms
Human aortic aneurysms are characterized by elastin and collagen degradation, matrix metalloproteinase (MMP) upregulation, inflammatory cell infiltration, vascular smooth muscle cell degeneration, and oxidative stress. 13 To investigate whether DOCA and salt-or aldosterone and salt-induced aortic aneurysms have these pathological features, sequential 5-μm cross-sections were collected throughout the entire aorta ( Figure IV salt or aldosterone and salt compared with controls ( Figure  VIIB in the online-only Data Supplement). In addition to elastin, collagen content was also markedly suppressed in the media and adventitia of aortas from mice administered DOCA and salt or aldosterone and salt compared with that of control mice ( Figure 3G through 3I).
MMP2 and MMP9 are enzymatic proteins that play a critical role in extracellular matrix degradation and vascular remodeling. 13 MMP2 immunostaining was evident in the endothelial/medial layer of aortas from mice administered DOCA and salt or aldosterone and salt, and was apparent at elastin degradation sites of aortas compared with the control mouse aorta in which MMP2 protein was barely detectable ( Figure 3J through 3L). The similar immunostaining pattern was also seen for MMP9, although it was less evident than MMP2 immunostaining ( Figure 3M through 3O). Moreover, in situ zymography illustrated that total MMP activity was markedly elevated in the medial and adventitial layers of aortas from mice administered DOCA and salt or aldosterone and salt compared with that in control mice ( Figure VIII in the online-only Data Supplement).
To investigate inflammatory cell infiltration, aorta cross-sections were immunostained with F4/80, Ly-6B.2, and CD90.2 antibodies, which recognizes monocytes/ macrophages, neutrophils, and T cells, respectively. Monocyte/ macrophage immunostaining was minimal in control aortic sections, but it was readily seen in the endothelial/medial layer of aortic sections from mice administered DOCA and salt or aldosterone and salt ( Figure 3P through 3R). The similar immunostaining pattern was also seen for neutrophils, although it was less evident than monocyte/macrophage immunostaining ( Figure 3S To further investigate the role of vascular inflammation in DOCA and salt-induced aortic aneurysm, we determined mRNA expression of several inflammatory genes, including vascular cell adhesion molecule 1 (Vcam-1), chemokine (C-C motif) ligand 2 (Ccl2, also known as monocyte chemoattractant protein-1), and tumor necrosis factor (Tnf, also known as TNFα) in both abdominal and thoracic aortas from mice administered DOCA and salt or control mice. We found that Vcam-1, Ccl2, and Tnf were all markedly upregulated thoracic aortas from mice administered DOCA and salt compared with control mice ( To investigate possible vascular smooth muscle apoptosis, aortic sections were stained with an antibody that specifically recognizes smooth muscle-specific caldesmon. In control aortas, caldesmon protein was highly expressed in the media of the vessel. In contrast, in aortas from mice administered DOCA and salt or aldosterone and salt, caldesmon protein expression was markedly suppressed ( Figure 3Y through 3AA). Aortic sections were also stained with a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit that recognizes apoptotic cells. In contrast to caldesmon staining, TUNEL-positive cells were absent in control aortas but could be found in aortas from mice administered DOCA and salt or aldosterone and salt ( Figure 3BB through 3DD). Importantly, TUNEL staining was present in the same areas as elastin degradation, and the loss of immunostaining of caldesmon in sections was examined. Quantitative analysis also showed that TUNEL-positive cells in the tunica media of aortic section were significantly increased in mice administered DOCA and salt or aldosterone and salt compared with that in control mice ( Figure XI in the online-only Data Supplement).
To investigate a potential role for oxidative stress, crosssections of abdominal aortas from mice administered DOCA and salt were stained with dihydroethidium. In contrast to control aortas, in which only auto-florescence of elastin was seen, additional nuclear staining derived from dihydroethidium was observed in abdominal aortas from mice administered DOCA and salt ( Figure XIIA in the online-only Data Supplement). To investigate the mechanism that may be responsible for the DOCA and salt-induced increase in oxidative stress, we determined the time course of DOCA and salt-induced Ncf1 (also known as p47 phox ; Gene: ID: 17969) mRNA expression in thoracic and abdominal aortas. We selected Ncf1 because NCF1 has been shown to be upregulated in human aortic aneurysms 14 and has been demonstrated to be critical in Ang II-induced aortic aneurysms. 15 Figure XIIB and XIIC in the online-only Data Supplement illustrate that Ncf1 mRNA was upregulated in a time-dependent manner in both thoracic and abdominal aortas in response to DOCA and salt. Importantly, Ncf1 mRNA upregulation by DOCA and salt preceded aortic aneurysm formation (9 days versus 3 weeks).
In addition, a similar increase in Cyba (also known as p22 phox ; Gene ID: 13057) mRNA was also observed (data not shown).
DOCA and Salt-Induced Aortic Aneurysm Is Age Dependent
In humans, the prevalence of AAAs increases with age. 2 Therefore, we compared aortic aneurysm formation in response to DOCA and salt administration in 10-week-old mice versus 10-month-old mice. DOCA and salt administration induced a significant increase in abdominal aortic dilation in mice of both ages ( Figure 4A ). However, luminal dilation was more pronounced in 10-month-old mice compared with 10-week-old mice (eg, 2 weeks after DOCA and salt, 1.50 mm [10 months old; n=44] versus 1.18 mm [10 weeks old; n=12]; P<0.001). Similarly, maximal external diameters of the thoracic aorta were also greater in 10-month-old mice administered DOCA and salt than that in 10-week-old mice (1.16 mm [10 months old; n=37] versus 0.80 mm [10 weeks old; n=10]; P<0.01; Figure 4B ). A trend toward increased maximal external diameters of abdominal aortas was also seen in 10-monthold mice compared with 10-week-old mice (1.48 mm [10 months old; n=37] versus 1.06 mm [10 weeks old; n=10]; P=0.06; Figure 4B 33) . Moreover, DOCA and salt-induced aortic aneurysms in 10-month-old mice were more severe and diffuse, and often extended from the suprarenal abdominal aorta to the descending thoracic aorta ( Figures 4C and 1D) . In contrast, 10-week-old mice administered DOCA and salt had aortic aneurysms that primarily localized to the suprarenal abdominal aorta ( Figure 4C ).
Mineralocorticoid Receptor Antagonism, But Not Ang II Type 1 Receptor Antagonism, Attenuates DOCA and Salt-Induced Aortic Aneurysms
Although plasma renin and Ang II concentrations are suppressed in animals administered DOCA and salt, 11 results suggest that a local vascular Ang II may be increased. 16 Moreover, infusion of Ang II is an established model of abdominal and ascending aortic aneurysms, 17, 18 and Ang II is a primary stimulus for aldosterone release. 4 Therefore, we administered either an angiotensin-converting enzyme inhibitor (enalapril) or an Ang II receptor blocker (losartan) to define the role of Ang II in DOCA and salt-induced aneurysms. Administration of losartan or enalapril resulted in a significant reduction in basal BP ( Figure 5A ), demonstrating effective blockage of the renin-angiotensin system. However, neither enalapril nor losartan significantly reduced maximal intraluminal diameters of suprarenal abdominal aortas ( Figure 5B ), maximal external diameters of thoracic and abdominal aorta ( Figure 5C ), or the incidence of AAAs, TAAs, and aortic aneurysm ruptures induced by DOCA and salt administration ( Figure 5D ). To define the role of mineralocorticoid receptor in DOCA and salt-induced aortic aneurysm, we determined whether a mineralocorticoid receptor antagonist spironolactone affects DOCA and salt-induced aortic aneurysm. Administration of spironolactone resulted in a significant reduction in maximal intraluminal diameter of suprarenal abdominal Figure 6B ), and the incidence of AAAs (25% [4/16, DOCA and salt plus spironolactone] versus 62% [28 of 45; DOCA and salt]; P<0.05; Figure 6C ). In addition, a trend toward reduced incidence of TAAs (25% [4/16, DOCA and salt plus spironolactone] versus 44% [20 of 45; DOCA and salt]) and aortic aneurysm ruptures (13% [2/16; DOCA and salt plus spironolactone] versus 18% [8 of 45; DOCA and salt]) was also seen in DOCA and salt mice administered spironolactone ( Figure 6C ).
It is well known that spironolactone cross-reacts with sex-steroid receptors. 6 It was also noted that spironolactone only partially blunted aortic aneurysm formation ( Figure 6A through 6C). To further define the role of mineralocorticoid receptor in aortic aneurysm, we determined the effect of eplerenone, a more specific mineralocorticoid receptor antagonist, on aldosterone and salt-induced aortic aneurysm. We used a low dose aldosterone (200 µg/kg per day), but not DOCA (50 mg; 21 day release) in attempting to increase the ratio of mineralocorticoid receptor antagonist to mineralocorticoid receptor agonist to achieve a better inhibition. Eplerenone treatment completely abolished aldosterone and salt-induced increases in maximal intraluminal diameters of abdominal aortas (eg, 2 weeks after treatment, 1.26 mm [aldosterone and salt plus eplerenone; n=12] versus 1.70 mm [aldosterone and salt; n=16]; P<0.001; Figure 6D ) and maximal external diameters of abdominal (1.08 mm [aldosterone and salt plus eplerenone; n=12] versus 1.40 mm [aldosterone and salt; n=13]; P<0.001; Figure 6E ) and thoracic aortas (0.84 mm [aldosterone and salt plus eplerenone; n=12] versus 1.34 mm [aldosterone and salt; n=13]; P<0.001; Figure 6E ). Moreover, none of the 12 mice treated with eplerenone developed any aortic aneurysm in any part of aorta ( Figure 6F ). In contrast, control mice administered aldosterone and salt had significant abdominal and thoracic aortic dilations ( Figure 6D and 6E) and dramatic incidences of AAAs, TAAs, and aortic aneurysm ruptures (65%, 45%, and 35%, respectively; Figure 6F ).
DOCA and Salt-Induced Hypertension Does Not Correlate With Aortic Aneurysms
To investigate whether DOCA and salt-induced hypertension contributes to aortic aneurysm formation, we correlated DOCA and salt-induced hypertension ( Figure 7A) to several quantified parameters of aortic aneurysm formation. In DOCA and salt mice, there was no significant correlation between systolic BP and maximal intraluminal diameters of suprarenal abdominal aortas ( Figure 7B) , and there was also no difference in systolic BP between the mice with and those without aortic aneurysms ( Figure 7C ). Moreover, DOCA and salt-induced aortic aneurysms were more severe in 10-month-old mice compared with 10-week-old mice (Figure 4) , but DOCA and salt-induced hypertension was significantly less in 10-monthold mice compared with 10-week-old mice ( Figure 7D ).
There was also no correlation between the effectiveness of pharmacological inhibition of DOCA and salt-induced hypertension and aortic aneurysms. Administration of enalapril significantly decreased DOCA and salt-induced increases in systolic BP ( Figure 7E ) without affecting DOCA and salt-induced aortic aneurysms ( Figure 5B-5D ). In contrast, administration of spironolactone had no effect on DOCA and salt-induced hypertension ( Figure 7F ), but attenuated DOCA and salt-induced aortic aneurysms ( Figure 6A-6C ).
Discussion
The current study describes a novel mouse model of aortic aneurysms induced by administration of mineralocorticoid receptor agonist and high salt, and reveals a previously unrecognized, but potentially significant, role of aldosterone in the pathogenesis of aortic aneurysms. The major findings are as follows: (1) DOCA and salt or aldosterone and salt were able to induce AAAs and TAAs in 10-month-old male C57BL/6 mice.
The pathology of aortic aneurysms induced by DOCA and salt or aldosterone and salt resembled several features of human aneurysms, including elastin degradation, inflammatory cell infiltration, smooth muscle cell degeneration and apoptosis, and oxidative stress; (2) the incidence of aortic aneurysms and the severity of the vascular pathologies were age dependent;
(3) aortic aneurysm formation did not correlate with BP increases; and (4) mineralocorticoid receptor antagonism, but not blockade of Ang II synthesis or the Ang II type 1 receptor, reduced DOCA and salt-induced aortic aneurysms.
In humans, elevated plasma aldosterone levels are associated with essential hypertension, primary aldosteronism, and congestive heart failure, 4, 5, 19 suggesting that aldosterone is emerging as a major independent cardiovascular risk factor. [4] [5] [6] The normal plasma aldosterone concentration range in humans (0.139-0.416 nmol/L) can increase up to 58-to 173-fold (24 nmol/L) in patients with congestive heart failure. 5, 20 In the current study, infusions of 200, 500, or 700 μg/ kg per day, respectively, resulted in plasma aldosterone concentrations (10.58, 21.21, and 27.36 nmol/L, respectively) that are comparable with those observed under pathological conditions. Whether aortic aneurysms are present in patients with congestive heart failure with high plasma aldosterone concentrations is not known. However, aortic dissection has been demonstrated in patients with primary aldosteronism. 9 In addition, patients with glucocorticoid-remediable aldosteronism, an inherited form of primary hyperaldosteronism, often die at a young age because of rupture of cerebral aneurysms. 21 Little is known regarding the level of NR3C2 mRNA and protein in human aortic aneurysm. Lenk et al 22 performed a genome-wide microarray-based expression study and reported that NR3C2 mRNA level was significantly downregulated in human AAA tissue samples compared with age-, sex-, ethnicity-, and location-matched controls of the infrarenal abdominal aorta. Although it remains elusive that this significant downregulation of NR3C2 mRNA (P=0.0004) alters the level of NR3C2 protein and function, an analysis of drug modulation of AAA growth through 25 years of surveillance in 1269 patients demonstrated that there is a strong association between mineralocorticoid receptor blockers and slowed AAA progression, 10 implicating mineralocorticoid receptor in human AAAs.
Given that DOCA and salt-or aldosterone and salt-induced hypertension has been used extensively as an experimental model of low-renin hypertension, 11 it is surprising that aortic aneurysms have not been reported in previous studies. Although exact reasons for this discrepancy are unclear, our results suggest that the age of mice may be critical to aneurysm formation. Specifically, 10-month-old mice exhibited more severe aneurysms at a higher incidence compared with 10-week-old mice, an age (or even younger) commonly used in previous studies studying DOCA and salt or aldosterone and salt hypertension. 16, 23 Moreover, previous studies demonstrated that mineralocorticoid receptor expression in aorta increases with age, 24 as does the functional response to mineralocorticoid receptor stimulation (eg, mice with smooth muscle-specific deficiency of the mineralocorticoid receptor decreased BP as they aged). 25 Because age is a risk factor for human AAAs, 2 the ability to induce AAAs by DOCA and salt or aldosterone and salt with increasing age may have contributed to an inability to detect aneurysms in young mice. An important finding of the present study is that administration of 2 distinct mineralocorticoid receptor antagonists, spironolactone and eplerenone, significantly attenuated DOCA and salt-or aldosterone and salt-induced aortic aneurysm. This suggests that the mineralocorticoid receptor mediates DOCA and salt-or aldosterone and salt-induced aortic aneurysm. Compared with an inability of spironolactone to completely abolish DOCA and salt-induced aortic aneurysms, the inhibitory effect of eplerenone on aldosterone and salt-induced aortic aneurysm was much more dramatic. The difference between spironolactone and eplerenone in their ability to inhibit aortic aneurysm is likely attributed to the doses of the mineralocorticoid receptor agonists versus antagonists used, because the molecular ratio of aldosterone to eplerenone and DOCA to spironolactone used was 1:900 and 1:2, respectively. Spironolactone, but not eplerenone, exerts antiandrogen and proestrogen effects, 6 which may have contributed to the ability of spironolactone to inhibit DOCA and saltinduced aneurysms, because it has been shown that androgen increases Ang II-induced AAAs, 26 whereas exogenous estrogen decreases AAAs. 27 Although the molecular mechanism that links activation of the mineralocorticoid receptor and aortic aneurysm formation remains elusive, our results suggest that elastin degradation and collagen suppression are likely involved in DOCA and salt-or aldosterone and salt-induced aortic aneurysm. These findings seem to contradict the result by Bunda et al 28 who found that aldosterone induced elastin and collagen production when they studied cultured cardiac fibroblasts. However, these findings do not necessarily contradict each other because elastin and collagen degradation may be dominant over their production in aortic aneurysm because of smooth muscle cell degeneration and activation of MMPs by vascular cells and inflammatory cells. Obviously, these 2 factors are absent in cultured cardiac fibroblasts. 28 Intriguingly, the current study also suggests that angiotensin-converting enzyme and Ang II type 1 receptor unlikely play a major role in DOCA and salt aortic aneurysm model. These results, however, do not rule out that stimulation of aldosterone synthesis by Ang II still plays an important role in pathogenesis of aortic aneurysms under pathological conditions (eg, in patients with elevated renin angiotensin system and sodium intake). Our results also suggest that hypertension is not a contributory mechanism to aldosterone and salt-or DOCA and salt-induced aortic aneurysms. These results are consistent with previous studies that showed Ang II infusion promoting AAAs was independent of increased BP. 29 More importantly, we demonstrated that DOCA and salt-induced vascular oxidative stress preceded aortic aneurysm formation and, specifically, we showed that Ncf1 mRNA expression was upregulated by DOCA-salt in thoracic and abdominal aortas in a time-dependent manner. These results fit well with previous studies that NCF1 protein expression was increased in human AAA segments compared with non-AAA segments, 14 and genetic deletion of Ncf1 attenuated Ang II-induced AAA formation in mice, 15 supporting a key role of NAD(P) H oxidase in vascular oxidative stress and the pathogenesis of AAAs. 30 Several aortic aneurysm animal models have been developed. 1 Among them, the Ang II-infusion-induced aortic aneurysm mouse model is mostly used. 15, 18, 23, 26, 29, 31 Similar to the Ang II-infusion-induced aortic aneurysm mouse model, DOCA and salt-or aldosterone and salt-induced mouse aortic aneurysms were only found in suprarenal aortas but not infrarenal aorta. Although the exact reasons why mice developed no aortic aneurysms in the infrarenal aorta that are different from human remain elusive, Rush et al 32 performed a whole genome expression analysis in the Ang II-induced aortic aneurysm. Interestingly, they found that 304 transcripts were differentially expressed between suprarenal and infrarenal aortas. It is noted that a number of genes that may be relevant to the predilection of the suprarenal aorta to aortic aneurysm formation were downregulated. 32 These differentially expressed genes may potentially account for why mice developed aortic aneurysm in suprarenal aorta but not infrarenal aorta.
Compared with the Ang II infusion model, the DOCA or aldosterone plus high-salt model described here had several unique features, including using aged wild-type mice, requiring high salt, and exhibiting more severe elastin degradation and aortic aneurysm formation. Ang II is the primary stimulator of adrenal aldosterone synthesis, 4 but Ang II-stimulated aldosterone synthesis is involved in aortic aneurysm formation only in the presence of high salt. It has been shown that spironolactone had no significant effect on Ang II-induced aortic aneurysm formation in the absence of high salt. 23 It has also been shown that in hypertensive angiotensinogen and renin transgenic mice that overproduce Ang II, aortic aneurysms did not occur unless transgenic mice were fed a high-salt diet. 33 Consistent with these findings, we demonstrated that high salt was required for DOCA-induced aortic aneurysm formation. According to the National Health and Nutrition Examination Survey (NHANES), 34 sodium intake has increased among all age groups since 1970, and only 32% of females and 9% of males meet the recommendation of sodium intake (2400 mg per day). Under the circumstances that the majority of Americans are under the risk of high salt intake, the finding that activation of mineralocorticoid receptor by aldosterone plus high salt induced aortic aneurysm may have a potentially important impact on the current understanding regarding the pathogenesis of aortic aneurysm.
Based on the current study and literature on the function of mineralocorticoid receptor, [3] [4] [5] [6] it is tentative to propose a potential mechanism that may underlie DOCA and salt-or aldosterone and salt-induced aortic aneurysms. Activation of mineralocorticoid receptor in circulating inflammatory cells and vascular cells by DOCA or aldosterone in the presence of high salt promotes monocyte/macrophage, neutrophil, and T cell infiltration into aorta to produce MMPs and oxidative stress, leading to a loss of structural integrity (eg, elastin degradation and vascular smooth cell degeneration) and aortic aneurysm formation and rupture. It should be pointed out that this is an oversimplified mechanism that needs to be further studied.
In conclusion, results from this study demonstrate that mineralocorticoid receptor agonism via DOCA or aldosterone, coupled with increased salt consumption, results in severe aneurysms in the thoracic and abdominal aortas of mice; and age, but not BP, is a contributory mechanism to mineralocorticoid receptor and salt-induced aneurysms. In addition, mineralocorticoid receptor antagonism, but not Ang II synthesis or Ang II type 1 receptor antagonism, attenuates mineralocorticoid receptor and salt-induced aortic aneurysms. Given that there are no effective drug therapies for aortic aneurysms, our results may lead to mineralocorticoid receptor antagonism as a novel therapy to potentially prevent and attenuate aortic aneurysm formation.
